Tissue infiltration by circulating monocytes is a critical step in the initiation and augmentation of type 2 inflammatory responses in the lungs. Our studies demonstrate that IL-33 −/− mice have a defect in monocyte extravasation from the vasculature to the lung interstitium during induction of type 2 inflammatory responses. This result suggests that monocyte migration to the lungs is IL-33 dependent, and we found that administration of exogenous recombinant IL-33 is sufficient to restore monocyte localization to the lung interstitium. Further investigation of the effect of early administration of recombinant IL-33 on the lungs identified upregulation of multiple chemokines including the monocyte chemoattractants CCL2, CCL7, and CCL22. Importantly, blockade of Gprotein coupled receptor-dependent signaling, and thereby chemokine receptor activity, inhibited IL-33-driven monocyte recruitment. CCR2 deficiency prevented recruitment of monocytes to the lung extravascular space during allergic sensitization, and resulted in reduced eosinophilia after allergen challenge. Thus, IL-33 plays a critical role in the initiation of type 2 inflammatory responses by inducing upregulation of chemokines that promote monocyte recruitment to the lung interstitium.
INTRODUCTION
Asthma is a chronic disease of the airways that is most commonly characterized by a type 2 inflammatory response (1) (2) (3) . Multiple immune cell populations contribute to this response, but many unanswered questions remain about the role of APCs during allergic airway responses. In particular, there has been greater interest in understanding the role monocytes play during allergic airway inflammation. Studies in which circulating monocytes were depleted demonstrated decreased allergic lung inflammation, suggesting that monocytes are important for initiating allergic lung responses (4) (5) (6) .
Murine monocytes predominantly circulate through the vasculature at steady state and can be traditionally classified into two groups based on Ly6C expression. Ly6C − monocytes have been associated with patrolling blood vessel walls and playing an anti-inflammatory role during tissue injury (7, 8) . In contrast, Ly6C + monocytes are thought to rapidly infiltrate inflamed tissues where they can then differentiate into CD11b + monocyte-derived dendritic cells (moDCs) or monocyte-derived macrophages (9) . Other studies have also shown that Ly6C hi monocytes can act as precursors to Ly6C lo monocytes (10) . Several investigations have elucidated key chemokines that promote monocyte trafficking. Chemokine receptors are differentially expressed between Ly6C − monocytes and Ly6C + monocytes (11) . Ly6C − monocytes express high levels of CX 3 C-chemokine receptor 1 (CX 3 CR1), which binds to CX 3 CL1 (12) . This ligand was found to be upregulated in human endothelial cells through a CD40-TNF receptor associated factor pathway (13) . In contrast, Ly6C + monocytes have low expression of CX 3 CR1 but high expression of CCR2. CCL2 and CCL7 have been shown to bind to CCR2 and promote monocyte recruitment (14) . Upregulation of these ligands can be found in various murine models including bacterial infections, peritonitis, autoimmune encephalitis, atherosclerosis, and asthma (15, 16) . Although it has been shown that monocytes accumulate in response to upregulation of these chemokines, it is still unclear how early signals in allergic sensitization upregulate these monocyte chemoattractants in the lungs.
Early signals implicated in initiating type 2 lung inflammation include IL-33, which acts upon a variety of cell populations including both non-hematopoietic cells and hematopoietic cells. In response to IL-33, innate lymphoid cells type 2, mast cells, basophils, and type 2 Th cells promote type 2 inflammation (17) . We previously demonstrated that immune complex (IC)-mediated and house dust mite-mediated type 2 lung inflammation was dependent on the IL-33/ST2 pathway (18, 19) . Thus, our objective in this study was to investigate mechanisms by which IL-33 produced early after sensitization promotes allergic lung inflammation.
MATERIALS AND METHODS

Mice
C57BL/6 wild-type (WT) mice were purchased from Harlan Laboratories. FcγRIII −/− mice and CCR2 −/− mice were purchased from the Jackson Laboratory. IL-33 −/− mice were a gift from S. Nakae (University of Tokyo, Tokyo, Japan) (20) . Animals were housed in a specific pathogen-free facility maintained by the University of Chicago Animal Resources Center.
The studies conformed to the principles set forth by the Animal Welfare Act and the National Institutes of Health guidelines for the care and use of animals in biomedical research.
Allergic sensitization and challenge in a mouse model
Grade V chicken egg OVA (A5503; Sigma-Aldrich), rabbit anti-chicken egg OVA IgG (α-OVA) (C6534; Sigma-Aldrich), recombinant mouse IL-33 (BioLegend), and pertussis toxin (PTX) (516560; EMD Millipore) were used in murine experiments. Mice were administered α-OVA serum i.v. on day 0, followed by a fluorescently labeled OVA (OVA-FITC or OVA-AF647; Invitrogen) sensitization intratracheally (i.t.) 24 h later. At the time of sacrifice, the mice received an i.v. injection of anti-CD45 (30-F11; BioLegend). After 5 min, the lungs were perfused and harvested to allow for identification of cell localization in the vasculature (i.v. CD45 + ) or lung interstitium (i.v. CD45 − ). Lungs were processed into single-cell suspensions as previously described for staining and analysis by flow cytometry (18, 19) . For some experiments, mice were further challenged on days 8, 9, and 10, sacrificed on day 11, and bronchoalveolar lavage (BAL) was analyzed for cellular composition. 
Flow cytometric analysis
Quantitative PCR array and analysis
IL-33 −/− mice were instilled i.t. with PBS (n = 4) or 2.5 μg of recombinant IL-33 (rIL-33) (n = 5) in a total of 50 μl PBS. The lungs were harvested 6 h later, minced, and homogenized in RLT buffer using a Qiagen TissueRuptor. RNA was purified from each mouse lung homogenate (Qiagen RNeasy Plus Mini Kit) and cDNA was prepared for each sample (Qiagen RT 2 First Strand Kit). RT 2 Profiler PCR Array Mouse Chemokines and Receptors kit (Qiagen) was used on pooled samples for quantitative PCR (qPCR) array, which was performed on a CFX96 Real Time System (Bio-Rad). Array data were analyzed using the data analysis web portal at http://www.qiagen.com/geneglobe. Cycle threshold (C T ) values were normalized to the housekeeping genes Gusb and Hsp90ab1, after which ΔΔC T calculations were performed and transcript fold change over PBS controls was determined using the 2 −ΔΔC T formula. Results for Ccl2, Ccl7, and Ccl22 were confirmed by individual qPCRs performed on cDNA from individual mice. PCR primers were as follows: HPRT, forward 5′-TGATCAGT-CAACGGGGGACA-3′, reverse 5′-TTCGAGAGGTCCTTTTCA-CCA-3′; CCL2, forward 5′-GGCCTGCTGTTCACAGTTGC-3′, reverse 5′-CCTGCTGCTGGTGATCCTCT-3′; CCL7, forward 5′-TGTGCCTGCTGCTCATAGCC-3′, reverse 5′-ACATAGCAGCATGTGGATGCATTG-3′; CCL22, forward 5′-CGCAAGCCTG-GCGTTGTTT-3′, reverse 5′-CCTCCCTGGACCACACCAGA-3′.
Statistical analysis
GraphPad Prism software was used to perform statistical analyses, and a p value < 0.05 was considered significant (*p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001, # p < 10 −10 ; ns, not significant). An unpaired Student two-tailed t test was used to analyze experiments with two groups. Error bars represent the SEM.
Study approval
The University of Chicago Animal Resources Center approved all animal procedures.
RESULTS
Localization of monocytes to the lung interstitium after allergen challenge is IL-33 dependent
Monocytes are primarily present in the vasculature but are known to extravasate into tissues at the earliest stages of inflammation (21) . Our previous study had found that IC formation in vivo promoted type 2 inflammatory responses in the lung by up-regulating IL-33 as early as 3 h after administering allergen (18, 19) . To examine the influence of IL-33 in the early stages of this model, we have addressed whether OVA-IC-induced IL-33 affects the early migration of APCs into the lung tissue. To induce IC formation in vivo, mice are injected with OVA-specific serum on day 0, followed by an OVA i.t. sensitization on day 1 (19) . Utilizing fluorescently labeled OVA and intravascular staining of CD45 (22), we identify APCs that take up Ag and whether they migrate into the extravascular space.
As IL-33 upregulation is seen as early as 3 h after administering allergen (18, 19) , we investigated the early effects OVA-ICs had on monocytes at 30 min, 1 h, and 3 h postsensitization. As expected, the Ly6C − and Ly6C + monocytes were primarily localized in the vasculature (Fig. 1) . Although monocytes took up minimal amounts of OVA alone, Ag uptake was significantly enhanced in the presence of OVA-IC (Fig. 1, Supplemental Fig. 1 ). Furthermore, OVA-ICs drove Ly6C + monocytes to localize to the lung interstitium as early as 3 h after sensitization (Fig. 1B) and continued through to 18 h ( Fig. 2A ). These findings demonstrate that OVA-IC enhanced Ag uptake by Ly6C − and Ly6C + monocytes, and promoted Ly6C + monocyte localization into the lung interstitium.
To determine if there is a role for IL-33 in the monocyte migration in the OVA-IC model, we sensitized WT and IL-33 −/− mice. No significant difference was noted in the frequency of Ly6C − and Ly6C + monocytes at baseline between WT and IL-33 −/− mice (data not shown). However, after challenge, IL-33 −/− mice displayed a significant decrease in the percentage of Ag-positive Ly6C − and Ly6C + monocytes localized to the lung interstitium (Fig. 2) . Given that our previous work found IL-33 upregulation to be downstream of FcγRIII, we analyzed whether a similar defect was present in FcγRIII −/− mice. Compared to WT mice, FcγRIII −/− mice had a significant decrease in the presence of Ag-positive monocytes in the lung interstitium (Supplemental Fig. 2 ). These results demonstrated that during early sensitization, recruitment and localization of monocytes to the lung interstitium was IL-33 and FcγRIII dependent. Taken together with our previous investigations (18, 19) , these data suggest that augmentation of type 2 inflammatory responses through IL-33 upregulation may be driven by the early accumulation of monocytes.
CCR2-deficient mice have reduced eosinophilia after allergen sensitization and challenge
CCR2 is an important chemokine receptor for monocyte egress from the bone marrow (11) . Thus, CCR2 −/− mice have a severe reduction in the number of circulating monocytes and are widely used as monocyte-deficient mice. We hypothesized that monocyte accumulation in the lung extravascular space during sensitization was required for inflammation during allergen challenge. To evaluate monocyte responses to allergen sensitization in these mice, WT or CCR2 −/− mice were administered OVA-specific serum on day 0, followed by an OVA i.t. sensitization on day 1. As above, Ag uptake and localization of the monocytes were evaluated 18 h after OVA sensitization. We were surprised to find that an almost significant proportion of Ly6C + monocytes took up Ag and were recruited to the lung extravascular space even in the absence of CCR2 (Fig. 3A) . However, as expected, the total number of Agpositive Ly6C + monocytes accumulated in the lung interstitium in the CCR2-deficient mice compared with in WT mice was greatly reduced (Fig. 3A) .
To address whether the reduction in monocyte recruitment in the CCR2 −/− mice affected ICinduced allergic inflammation, mice were sensitized as described above but were additionally challenged with OVA i.t. on days 8, 9, and 10. On day 11, type 2 airway inflammation was assessed by measuring the numbers of eosinophils and CD4 + T cells in the BAL. Although CCR2-sufficient and CCR2-deficient mice developed equal degrees of BAL CD4 + T cell infiltration, CCR2-deficient mice had reduced eosinophilia compared with their CCR2-sufficient counterparts (Fig. 3B) . Importantly, others have reported the same defect in eosinophilia in a house dust mite model of allergic inflammation (23) . Thus, monocyte accumulation in the lung interstitium after sensitization is required for optimal eosinophilia after challenge.
Administration of exogenous rIL-33 restores Ly6C + monocyte localization to the lung interstitium
We had previously demonstrated that administration of exogenous rIL-33 during sensitization was sufficient to restore allergic lung inflammation in FcRγ −/− mice (18) . Because both monocyte recruitment to the lungs and IL-33 upregulation were early events in the development of type 2 inflammatory responses in the lungs, we sought to determine if exogenous IL-33 was sufficient to restore lung interstitial localization of Ag-positive monocytes. Mice were sensitized with OVA-specific serum on day 0, and on day 1 mice received OVA-FITC with or without rIL-33. Notably, administration of rIL-33 to the IL-33 −/− mice restored lung interstitial localization of Ag-positive Ly6C + monocytes (Fig.  4A ). There was a trending increase in the Ly6C − monocytes, but it was not quite significant (Fig. 4A) .
To determine whether IL-33 alone is sufficient to drive monocytes into the lung interstitium in the absence of Ag, PBS or rIL-33 alone was i.t. administered to IL-33 −/− mice. The proportion of Ly6C + monocytes in the lung interstitium was significantly higher in the mice that had received rIL-33 compared with the PBS-only controls (Fig. 4B ). This effect was limited to Ly6C + monocytes as the localization of Ly6C − monocytes was unaltered by rIL-33 (Fig. 4B) . Thus, exogenous rIL-33 was sufficient to promote Ly6C + monocyte accumulation independent of allergen.
IL-33 promotes the expression of monocyte chemoattractants in the lungs
IL-33 has previously been found to induce production of cytokines and chemokines in a variety of disease states, including asthma (24, 25) . As monocyte recruitment is sensitive to many chemokines, and because we showed that some monocyte recruitment occurs even in the absence of CCR2, we hypothesized that IL-33 promoted the upregulation of additional monocyte chemoattractants in the lungs. To determine whether IL-33 modulates chemokine expression, PBS or rIL-33 was administered to IL-33 −/− mice, and the lungs were harvested 6 h later for cDNA preparation. A qPCR array was performed to analyze the differential expression of 84 chemokines and their receptors. Notably, the mice that had received rIL-33 displayed increased expression of multiple monocyte chemoattractants such as CCL2, CCL4, CCL7, CCL8, CCL22, and CXCL10 (Fig. 5 , Supplemental Table I ). In particular, CCR2 is well known for its role in promoting recruitment of circulating monocytes to the lung (11) . In addition, IL-33 promoted expression of several other chemokines including CCL11 and CCL24, which attract eosinophils expressing CCR3; CCL17, which recruits CCR4-expressing cells such as T cells; and CCL19, which chemo-attracts dendritic cells, B cells, and T cells expressing the receptor CCR7. Thus, the introduction of IL-33 into the lungs altered the chemokine milieu to promote the recruitment of several inflammatory populations including monocytes.
Monocyte accumulation in the lung interstitium is G-protein coupled receptor dependent
As we had demonstrated that IL-33 upregulated chemokines in the lungs, we questioned whether monocyte accumulation in response to OVA-ICs was chemokine dependent. PTX has previously been shown to inhibit signaling of G-protein coupled receptors (GPCRs), including chemokine receptors (26) . Thus, treatment with PTX allowed us to inhibit all chemokine receptor activity simultaneously, as opposed to targeting a particular chemokine receptor. Mice were treated with PTX (or PBS control) on day 0 at the same time as administration of αOVA serum, followed by an OVA i.t. sensitization the next day. Notably, treatment with PTX inhibited extravascular accumulation of Ly6C + monocytes after OVA-IC treatment with a trending decrease in Ly6C − monocytes (Fig. 6) . These results demonstrated that the accumulation of monocytes in the lung interstitium after OVA-IC treatment occurred as a result of chemokine-dependent migration and is not a result of direct chemotactic effects of IL-33.
DISCUSSION
Using a murine model of asthma, we demonstrated that IL-33 was critical for the recruitment of Ly6C + monocytes from the vasculature to the lung parenchyma by upregulating monocyte chemoattractants including CCL2 and CCL7 (14) . Blocking GPCR signaling inhibited Ly6C + monocyte localization to the extravascular space, demonstrating a critical role for IL-33-induced chemokines in monocyte migration. Monocyte infiltration has been shown to be important in promoting the development of type 2 inflammatory responses, either through direct effector functions or differentiation into CD11b + moDCs (6, 23) . Indeed, we found that CCR2 −/− mice, in which monocyte accumulation is attenuated, had reduced eosinophilia after challenge. Studies have found that CD11b + moDCs can produce chemokines as well as migrate to draining lymph nodes to prime and activate naive CD4 + T cells (23) . Thus, IL-33-induced monocyte recruitment during allergic sensitization may be critical to augmenting type 2 inflammatory responses in the lungs through multiple mechanisms.
As IL-33 was found to upregulate multiple chemokines, pharmacologic targeting of IL-33 may be able to broadly reduce type 2 inflammatory responses. Attempts to block chemokines and GPCR signaling in patients with asthma has been difficult to achieve as there is a diverse number of chemokines upregulated during allergic airway inflammation and there is much redundancy among chemokines and their receptors (27, 28) . Pharmacologic approaches to blockone particular mediator (i.e., CXCR2, IL-8/CXCL8, eotaxin/CCR3, and others) have met limited success and fail to improve or modify lung function (29) . Identifying novel pathways to halt the disease early on is critical because repeated exposure to allergens leads to cumulative tissue damage and pathological changes that affect respiratory function (30) . Our findings suggest that a more comprehensive strategy for inhibiting multiple downstream effectors may be achieved by targeting IL-33 to inhibit the development of type 2 inflammatory responses in the lungs.
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